The photo degradation of Amaranth (AR) dye by advanced photo Fenton process in the presence of symmetrical peroxides like hydrogen peroxide (H 2 O 2 ) and ammonium persulfate (APS) are investigated. The influence of various reaction parameters like the effect of iron dosage, concentration of H 2 O 2 /APS, initial dye concentration, effect of pH and the influence of various aromatic derivatives were studied and optimum conditions are reported. The efficiency of the oxidant was strongly influenced by the nature of aromatic photoproducts formed during the course of the degradation reaction. To study their effect on the rate of degradation these aromatic derivatives were added in known concentration (10 ppm). The influence of various aromatic derivatives on the degradation kinetics shows the following order: hydroquinones N chlorophenol N dichlorobenzene N aromatic carboxylic acids N anilidine N nitrophenol. The addition of these derivatives did not influence the degradation pathway although it altered the reaction rate. The percentage COD and TOC removal were determined in presence of aromatic derivatives to evaluate the complete removal of the pollutant. Based on the intermediates obtained in the UV-vis and GC-MS spectroscopic techniques probable degradation mechanism has been proposed.
Introduction
Zero-valent metallic iron (ZVMI) has been used as a potential catalyst for the efficient production of hydroxyl radicals in Fenton/ photo-Fenton process to degrade many pollutants [1] [2] [3] [4] [5] [6] . The homogeneous Fenton and photo Fenton process have also been widely used for the degradation of organic contaminants [7] [8] [9] [10] [11] . Many researchers have investigated the applications of iron incorporated zeolities (sodium-alumino silicates) [12] , ferihydrite, crystalline goethite [13] and semi crystalline Iron oxide [14] as catalytic material for the oxidation of organic pollutants. Lucking et al. [15] tested the catalytic properties of iron powder, graphite and activated carbon for the oxidation of 4-chlorophenol in aqueous solution with hydrogen peroxide. They concluded that fine metallic iron powder could be used to replace the iron salts as a catalyst in the Fenton reactions. From the environmental point of view, the advantage of using ZVMI instead of iron salts is that, the concentration of the iron ions in the wastewater after the treatment can be significantly reduced. Moreover, use of ZVMI as catalyst instead of iron salts prevents the additional anion loading in the treatment of wastewater. The residual iron powder can be easily removed after the treatment and can be easily recycled [10] . The efficiency of the Fenton process critically depends on the regeneration of ferrous ions in the solution. Any reaction that promotes the reduction of Fe 3+ ions would accelerate the Fenton reaction. In this regard, ZVMI is used as a source of Fe 2+ ions in the photo Fenton process. The higher activity of ZVMI was attributed to the faster reduction of Fe 3+ ions on the iron surface [16, 17] .The addition of oxalic acid and aromatic derivative like hydroquinone was found to have catalytic action for the reduction of Fe 3+ ions (Eq. 1) thereby accelerating the reaction [18] [19] [20] . Since most of the dye waste water contains various aromatic phenolic compounds, a detailed study of their influence on the photo Fenton process would be of great importance. In view of this, we report the degradation of Amaranth (AR) influenced by the presence of various kinds of aromatic phenol derivatives, the effect of oxidant concentration, catalyst loading, effect of pH, influence of hydroxyl radical scavenger and the initial concentration of the dye on the degradation rate using ZVMI as the catalyst in the Photo-Fenton process. Though H 2 O 2 is extensively used in Fenton's process, very few attempts have been made towards the use of peroxy disulfate as an oxidant. In view of this, the main focus is on two aspects i) influence of aromatic derivatives on the rate and mechanism of photodegradation of AR, and ii) utilization of ammonium persulfate (APS) which is also a symmetrical peroxide like hydrogen peroxide in the Fenton's and photo-Fenton's process. 
Irradiation procedure
All the photoreactions were carried out at room temperature using a circular glass reactor whose surface area is 176.6 cm 2 . The reactor was placed in a thermostat at a temperature of 298 ± 5 K. Artificial light source used in the present study is 125 W medium pressure mercury vapour lamp. The photon flux of the light source is 8.75 mW/cm 2 as determined by ferri oxalate actinometry, the wavelength of which peaks around 370 nm. In a typical experiment, 200 mg/L of the AR dye solution is taken in the reactor along with desired amount of iron powder (50 mg/L) and oxidants (APS = 100 mg/L or H 2 O 2 =50 mg/L). The reaction involving the presence of aromatic derivatives was carried out at 10 ppm concentration. The lamp was warmed for 10 min to reach constant output. The irradiation was carried out by direct focusing the light into the reaction mixture in open air condition at a distance of 29 cm. All the experiments were performed using double distilled water. pH of the solution was adjusted either by adding dilute NaOH or H 2 SO 4 .
Analytical methods
A reaction mixture of 5 ml is taken out from the reactor at definite time intervals and it is centrifuged. The centrifugates were analyzed by UV-visible spectroscopic technique using Shimadzu UV-1700 Pharmaspec UV-visible spectrophotometer. The centrifugates were extracted into non-aqueous ether medium and 1 μL was subjected to GC-MS analysis (using GC-MS-QP-5000 Shimadzu) and Thermo Electron Trace GC ultra coupled to a DSQ mass spectrometer equipped with an Alltech ECONO-CAP-EC-5 capillary column (30 m × 0.25 mm i.d × 0.25 mm film thickness) was used. Pure helium was used as the carrier gas at a flow rate of 1.2 ml/min. The injector/transfer line/trap temperature was 220/250/200°C respectively. Electron impact ionization was carried out at 70 eV. Total Organic Carbon (TOC) content of dye and the added organic derivatives were monitored using Shimadzu TOC analyzer.
Results and discussion

Comparison between Fenton and advanced photo-Fenton process
The classical Fenton process involves aqueous Fe (II) ions with H 2 O 2 to generate hydroxyl radicals which in turn degrade recalcitrant organic pollutants. The application of this process is limited by the amount of ferrous ion in the solution and the ability of the system to regenerate ferrous ions. The present research focuses on the generation of hydroxyl radicals that differs from classical Fenton process by taking ZVMI. This application is referred to as Advanced Photo Fenton Process (APFP), which utilizes the metallic iron surfaces to generate Fe 2+ ions and gives rise to potent Fenton type reactions. 
Effect of catalyst loading
The optimization of the catalyst is a necessary step in the photoFenton process. The percentage of degradation was found to be 78 and 64% when H 2 O 2 and APS are used as oxidants for the catalyst loading of 50 mg/L. The percentage of degradation decreases with further increase in the catalyst concentration as shown in Fig. 2 . Increase in the dosage of catalyst not only decreases the percentage of degradation, it also changes the final pH of the solution from 3.5 to 4.4, leading to the yellow coloration. At this condition the reaction mixture turns turbid. On further increase in the catalyst loading (75-100 mg/L), excess iron precipitates as iron oxyhydroxide and the precipitate separates from the true solution and the pH of the solution changes to 4.9. High dosage of iron powder increases the concentration of Fe 2+ ions in the solution which can also act as hydroxyl radical scavenger as shown by Eq. (16) in Scheme 1 [21] . The iron surface catalytically decomposes the oxidants to respective free radicals/ions more efficiently under UV light. On the contrary, over-loading of the catalyst hinders the degradation efficiency. This may be due to: (1) higher concentration of the catalyst results in turbidity which hinders the penetration of UV light [22] ; and (2) with increase in the catalyst concentration, the final pH of the solution N NaO 3 S N SO 3 Na HO SO 3 Na increases, leading to the hydroxylation of the iron surface which in turn adversely affects the decolorization rate.
Effect of initial concentration of oxidizing agents
The present study investigates the application of H 2 O 2 and APS which are symmetrical peroxides and can act as potential oxidants in the light induced reaction processes. Persulfate can generate free radicals like sulfate and hydroxyl radicals which provide free radical mechanism similar to hydroxyl radical pathways generated in the Fenton's chemistry. The sulfate radical is one of the strongest oxidizing species in aqueous media with a redox potential of 2.6 V. It is next only to the hydroxyl free radical whose redox potential is 2.8 V. In addition to its oxidizing strength, the persulfate and sulfate radicals have several advantages over the other oxidant systems: (1) sulfate radicals are kinetically fast; (2) sulfate radicals are more stable and are able to transport efficiently on the solid surface compared to hydroxyl radicals; (3) Persulfate provides better acidic pH, hence an efficient electron acceptor capable of accelerating the mineralization process. The sulfate radical anions produced in the case of APS show various possible reaction mechanisms in the process of mineralization: (1) abstraction of hydrogen atom from the saturated carbon; (2) ability to add itself to the unsaturated compounds; (3) removal of an electron from the anions and neutral molecules [16] . These attributes combine to make persulfate a viable option for the chemical oxidation of a broad range of contaminants. 0.5 ml of 50% H 2 O 2 solution in 1 L, resulting in 50 ppm, was used as stock solution. The influence of oxidants on the degradation was investigated by maintaining the other reaction parameters constant: It can be seen from Fig. 3 (A) that with an increase in the concentration of H 2 O 2 (from 25 to 50 mg/L), the decolorization efficiency increased from 58% to 100% in 90 min time duration under UV irradiation. On further increasing the concentration of H 2 O 2 , the efficiency of the process decreases due to the recombination of the excess hydroxyl radicals generated or these radicals might get involved in the unwanted reaction pathways. Similar experiments were carried with APS (50-200 mg/L), and its optimum concentration was found to be 100 mg/L (Fig. 3(B) ). The reaction proceeds at a slower rate for APS in comparison with H 2 O 2 which may be due to the difference in the reactivity of APS and H 2 O 2 at the surface of ZVMI. Further sulfate radical being more stable compared to hydroxyl radical, its kinetics in attacking the organic molecule is slower. The excess acidity provided by the APS may lead to the oxidation of iron to Fe 2+ ions which either act as hydroxyl radical quencher or precipitates as iron hydroxides which leads to the deactivation of iron surface. With subsequent runs, generation of hydroxyl radicals will be lowered.
Effect of pH
pH is an important parameter in the efficiency of the photo-Fenton process. It affects the rate of generation of hydroxyl radicals. Kang et al [23] all the homogeneous and heterogeneous photo Fenton experiments were performed at pH 3.
Effect of aromatic derivatives on degradation reaction
The specific reactions were carried out in the presence of aromatic and aliphatic derivatives. Among the various aromatic derivatives, HQ, RH and CH shows enhancement in the degradation rate with the following order: HQN RHN CH. This is mainly due to the fact that hydroquinone has higher reducing capacity and it increases the concentration of Fe 2+ ions in the solution which is most essential for 
RH and CH showed lower rate compared to the QH probably due to the lower stability of these compounds due to stearic hindrance arising from the two -OH groups. p-CP showed almost similar rate with that of controlled reaction ( the reaction in the absence of aromatic derivatives) for the first 20 min and later gets accelerated in the reaction rate. p-CP gets transformed to QH like structure and catalyzes the photo Fenton reaction in the later stage of the reaction. By the attack of hydroxyl/ hydrogen radicals on p-CP, it might lose -Cl group as HCl and may get converted to QH. The formation of HCl in the solution was noticed by slight decrease in the pH of the reaction medium from 3.0 to 2.6 which was not observed in the controlled reaction. p-DCB showed similar behavior but the reaction rate was slightly lower compared to p-CP which may be due to the replacement of two -Cl groups by two -OH groups. The aromatic carboxylic acid derivatives like SA and PA showed slight enhancement in the degradation rate while BA inhibited the degradation rate compared to the controlled reaction. The acid group (-COOH) needs to be hydroxylated before it participates in the photo Fenton reactions. The slight enhancement observed in the case of SA compared to PA can be accounted to the number of -COOH groups present in that particular aromatic carboxylic acid. As the number of -COOH groups increases the degradation rate decreases. BA was transformed to phenol, but the subsequent hydroxylation leads to quinhydrone like structure.
The C-Cl bond is more susceptible to free radicals attack compared to C-C bond. Hence slight enhancement in the degradation rate for aromatic chloro derivatives were observed compared to aromatic carboxylic acid derivatives. The protonation of -NH 2 in p-AP, AN under photo Fenton conditions generates ammonium ion which is less likely to undergo electrophilic attack by the hydroxyl radicals and has lower tendency for transformation to HQ like structures. p-NP suppressed the degradation rate due to its inability to transform to HQ. The aromatic derivative catalyzing the Fenton reactions shows the following order:
This order is in agreement with their tendency to transform to HQ like structure. The addition of OA (an aliphatic acid) enhances the ferrioxalate formation and also effectively reduces Fe 3+ to Fe 2+ ions enhancing the production of hydroxyl radicals, which accounts for the increase in the reaction rate compared to controlled reaction. However the addition of MeOH/i-PrOH which are well known as scavengers of hydroxyl radicals lowered the degradation rate [16, 25] . Hence it can be concluded that aliphatic alcohols lowered the degradation efficiency while phenols enhanced the degradation efficiency. These results are shown in the PA and benzene sulfonic acid were found as the major intermediates. Hence it can be concluded that aromatic photoproducts like RH, formed during the photo Fenton reactions significantly influences the degradation rate immaterial to the oxidant chosen, since in many of the reactions APS is also shown to be a better oxidant [10] .
Determination of COD and TOC analysis
The complete mineralization of dyes has been followed by two techniques: The chemical oxygen demand (COD) and Total Organic Carbon (TOC) analysis. Both the techniques are complementary to one another for expressing the detoxification level of water. The COD analysis is given in Fig. 5(i) . The COD was determined by using standard dichromate method [26] , based on the following formula:
where N is the concentration and V 1 and V o are the volume of (NH shown in Fig. 5(i) /APS/UV processes along with the various aliphatic/aromatic additives are illustrated in Fig. 5 (ii). It is observed that the percentage removal of TOC in the presence of HQ, CH and RH was faster than the other additives and it s h o ws t he f o l l o wi n g or d e r :
Two possible scenarios may explain this observation; the first is that the variation in the dynamics might reflect difference in the nature and formation of intermediates. The second possibility might be strongly dependent on the organic additive added. Highest removal rate is observed in the presence of HQ, CH and RH compared to other additives. This is due to the production of higher concentration of Fe 2+ ions in these particular cases which is essential for the generation of hydroxyl radicals. TOC disappearance pattern in 5 h time duration is shown in Fig. 5 (ii). It is generally accepted that the aliphatic and aromatic moieties are successively attacked by the photogenerated hydroxyl radicals. This leads to various hydroxylated intermediates before the ring opening. The above reactions can be termed as "Photo Kolbe" reactions in which carboxylic intermediates undergo further mineralization [27] .
From the toxicological point of view, TOC analysis seems to be accurate and appropriate for evaluating the decontamination of polluted water containing organics, since it takes in to account all the residual carbon-containing molecules.
Kinetics studies
The dye solution was decolorized to an extent of 6, 10 and 18% for the experiments Fe ( Fig. 6 and Table 2 ). The dye decolorization in the presence of Fe 0 /dark is due to the formation of iron complexes due to the reaction of iron ions with the dye molecules preferably with the chromophore of AR [25] . (14) in Scheme 1. In the presence of oxidants alone (in the dark condition), dye decolorisation was almost negligible. On UV irradiation for 90 min, the decolorisation efficiency for the process D, E and F (Fig. 6 ) increased up to 22, 48 and 78% respectively. The enhancement in the efficiency of Fe 0 /UV process is due to the fact that iron complexes formed in the dark can be destroyed under UV irradiation and the iron ions can return to iron regeneration cycle for active participation in the cyclic photo Fenton process. The generation of hydroxyl radicals by the oxidants alone and the photolysis of dye molecules additionally contribute to the overall enhancement in the decolorization process. In addition, photo reduction of Fe 3+ to Fe showed highest rate constant and process efficiency is shown in Fig. 7(i) . The degradation intermediates were identified by this technique. Very low intensity peaks were left unidentified. The sample before UV irradiation shows two m/z peaks at 604 of high intensity corresponding to the parent dye molecule and m/z peak of medium intensity at 538 attributed to the ionized dye molecule (Fig. 7  (i) A) . The sample after 10 min of irradiation showed two m/z peaks. A high intensity peak at 159 and a lower intensity m/z peak at 172 ( by the previous reports [28, 29] . The sample after 30 min of irradiation showed m/z peaks at 160(4-hydroxynapthalene (4)), 158 (naphthoquinone (6)) and a medium intensity peak at 110 (Resorcinol (5)) as show in Fig. 7 (i) C. These are formed by the attack of hydroxyl radical at amino group of intermediate (2) and cleavage of 1-aminoethanoic acid from the molecule (3). After 45 min of irradiation the formation of high intensity m/z peaks at 138, 104, 90 and 46 ( Fig. 7(i) D) corresponds to Salicylic acid (7), malonic acid (8) , oxalic acid (9) and formic acid (10) respectively. Based on the intermediates obtained, probable degradation mechanism has been proposed as shown in Scheme 2. * Plot of negative log C/C 0 versus time for the degradation of AR using various oxidation processes gives the striate line (As shown in Fig. 5 ) slope of the striate line gives the rate of the degradation i.e., Slope = k = dc dt where dc is the change in the concentration of AR in mg/L at time interval 'dt' sec. using this method we calculated the rate constant k. ** The Process efficiency (Ф) is defined as the 'change in concentration divided by the amount of energy in terms of intensity and exposure surface area per time' i. e., Fig. 7 (ii). The sample after 10 min of irradiation showed a high intensity m/z peak at 222 and a medium intensity m/z peak at 228 (Fig. 7(ii) B) corresponding to 4-amino, napthalenesulphonic acid (11) and 1-amino, 2 (4 benzensulphonyl) ethanoic acid (12) . This implies the formation of hydrazone form of AR and it cleaves in the presence of Fe 0 /OH . /SO 4 − (as shown in Scheme 3). The sample after 30 min of irradiation showed m/z peaks at 160 and 157 of medium intensity ( Fig. 7 (ii) C) corresponding to 4-hydroxynapthalene (4) and Benzenesulfonic acid (13) which are formed by the attack of hydroxyl radical at amino and sulfonic group of intermediate (11) and cleavage of 1-amino ethanoic acid from the molecule (12) . After 45 min of irradiation the formation of high intensity m/z peaks at 158, 148, 116, 90 and 46 ( Fig. 7 (ii) D) corresponds to naphthoquinone (6), pthalic acid (14) , maleic acid (15) , oxalic acid (9) and formic acid (10) respectively. The formation of pthalic acid during the degradation of AR is in agreement with the previous reports [27] . Based on the intermediates obtained, probable degradation mechanism has been proposed as shown in Scheme 3.
Conclusions
The photo Fenton degradation of AR was carried out by using ZVMI as the catalyst along with symmetrical peroxides as the oxidants. The influence of various reaction parameters like effect of iron dosage, concentration of H 2 O 2 /APS, initial dye concentration, effect of pH and the influence of various aromatic derivatives were studied and optimum conditions are reported. It was found that aromatic photo products formed during the course of the reaction had a profound effect on the degradation rate. Therefore the degradation was performed under the influence of various aliphatic/aromatic derivatives. It was found that aromatic alcohols enhanced the degradation rate while aliphatic alcohols lowered the rate of degradation. The enhancement in the rate was mainly attributed to the ability of aromatic derivatives to reduce ferric ions. The percentage of COD and TOC removal was determined in presence of aromatic derivatives to evaluate the complete removal of the pollutant. Photoproducts were analyzed based on the GC-MS technique and a probable reaction mechanism has been proposed. 
